The lipopolysaccharide and porin profile of Escherichia coli ATCC 25922, a smooth strain commonly used in antibiotic susceptibility testing, and five isogenic rough mutants was examined. The lipopolysaccharide of the parent strain had the characteristic ladder pattern on polyacrylamide gels, while that of the mutants appeared similar to chemotypes Ra and Rc of Salmonella typhimurium with some changes in chemical composition. Of the porins, OmpC appeared markedly reduced in the parent strain while OmpF appeared markedly reduced in the mutants. In addition, a new outer-membrane protein of size intermediate to that of OmpC and OmpF was detected in all mutants. Neither parent nor mutants were susceptible to the LPS core-specific P1 phage or the porin-specific PA2 and K20 phages.
Introduction
The outer membrane (OM) of Escherichia coli and other Gram-negative bacteria is an asymmetric bilayer consisting of lipopolysaccharide (LPS), phospholipids, and a set of characteristic proteins [1] . LPS is located on the outer face of OM and is composed of three parts: the hydrophobic lipid A, a fatty-acid substituted phosphorylated disaccharide; the core oligosaccharide, which contains in the proximal region the unusual sugar 3-deoxy-D-manno-octulosonic acid (KDO); and the hy- drophilic O-antigen, a heterogenous polymer of branched oligosaccharide units [1] [2] [3] . The major OM proteins in E. coli are the non-specific porins OmpC, Ompf, and PhoE, the substrate-specific porin LamB, and the structural proteins OmpA and lipoprotein [1, 4] . Both O-antigen length, absent in roug h strains such as E. coli K-12, and porin expression are influenced by growth conditions [5] [6] [7] [8] .
E. coli ATCC 25922 is a smooth strain [9] commonly used in in vitro antibiotic susceptibility testing [10, 11] whose OM remains largely uncharacterized. As a first step towards understanding OM permeability and porin function in this strain, its LPS and porin profile and those of isogenic rough mutants were examined.
Materials and Methods
E. coli ATCC 25922 was purchased from the American Type Culture Collection (Rockville, USA), while E. coli K-12 strains JF568, JF701 (OmpC-), and JF703 (OmpF-) [12] were kindly provided by J. Foulds of the National Institutes of Health (Bethesda, USA). ABR18, ABR19, ABR21, ABR24, and ABR26 were spontaneous rough mutants isolated from E. coli ATCC 25922 as described [13] . They were confirmed as E. coli strains by the use of Enterotube II kit (Roche Diagnostic Systems, Montclair, USA). Attempts to isolate rough mutants by the transduction method of Goldberg et al. [14] using P1 phage and selecting for kanamycin resistance were unsuccessful.
E. coli was routinely grown in modified Luria broth (MLB; 1% tryptone, 0.5% yeast extract, 0.5% glucose, and 20 mM potassium phosphate, pH 7.5) at 30°C for 18 h. LPS profiles were examined in whole-cell lysates by the method of Hitchcock and Brown [15] .
For LPS chemotype determination, LPS was isolated by the aqueous phenol method [16] or the Galanos et al. procedure [17] . Samples were incubated for 24 h at 4°C with RNase and DNase (both at 25 #g/ml), centrifuged at 67500 ×g for 2.5 h, washed with distilled water, lyophilized, and resuspended in distilled water to a concentration of 5 /zg/ml. Protein content was determined using the Bio-Rad protein assay kit (BioRad, Richmond, USA) and was less than 13% (wt/wt; data not shown). LPS was analysed using the tricine-sodium dodecylsulfate-polyacrylamide gel electrophoresis (tricine-SDS-PAGE) system (15% acrylamide) [18] and visualized by silverstaining [19] . LPS from Salmonella minnesota strains 220 (smooth wild-type), R60 (Ra), R345 (Rb), R5 (Rc), R7 (Rd), and R595 (Re) (List Biological Laboratories, Inc., Campbell, USA), were included as standards.
Isolated LPS was analysed for total phosphorus according to Ames et al. [20] ; KDO with thiobarbituric acid [21] ; free amino groups (ethanolamine) with ninhydrin [22] ; heptose with sulfuric acid-cysteine [23]; hexose with anthronesulfuric acid [24] using glucose as control; and amino sugar by the method of Gatt and Berman [25] using glucosamine as control. Outer-membrane proteins were prepared as described [26] , run on SDS-PAGE (10% acrylamide-8 M urea gel) according to Chapman et al. [27] , and stained with Coomassie blue R250.
PA2 (OmpC-specific) [28] and K20 (OmpFspecific) [29, 30] phages were kindly provided by C. Schnaitman (Arizona, USA) and propagated on E. coli JF568; titers of 108 and 109 pfu/ml were obtained, respectively. PlclrlO0 phage (LPS core-specific) [14] was a gift from R.A. Bender and was thermally induced from a PlclrlO0 lysogen which confers kanamycin resistance to Klebsiella aerogenes hutC515 [14] . This phage was also propagated on E. coli JF568 and titers of 10 8 pfu/ml were obtained. Susceptibility to porinspecific phages was determined according to Chapman et al. [27] , while susceptibility to the LPS core-soecific oha~e was determined as described by Goldberg et al. [14] . Plaquing efficiency (PE) of phages was calculated relative to strain JF568.
Results and Discussion
The electrophoretic analysis of LPS form E. coli ATCC 25922 and the mutants is shown in Fig. 1 . LPS from ABR24 and ABR26 migrated slightly faster than LPS from the K-12 strain JF568, which is of Ra chemotype, but slower than the S. minnesota Rb LPS. LPS from ABR18, ABR19, and ABR21 appeared to be of Rc chemotype though the migration pattern was slightly faster compared to the LPS standard. The difference in the migration pattern of LPS isolated from the E. coli ATCC 25922 mutants relative to the S. minnesota LPS standards may be due to differences in the core region, particularly the distal portion of the core, which is reported to be variable [1] . The chemical analysis of the LPS from E. coli ATCC 25922 and the mutants is shown in Table  1 . The molar ratio of phosphate to KDO was similar in all strains except for ABR21, which showed decreased phosphate, and ABR18 and ABR19, which showed decreased KDO. Possibly, in ABR18 and ABR19, KDO is further substituted and thus does not react in the thiobarbituric assay [21, 31] ; alternatively, one KDO residue may be missing. All mutants had markedly increased ethanolamine relative both to the parent strain and to the reference rough strain JF568. The hexose, heptose, and amino sugar content of the mutants was also different from the parent strain. The significance of these differences is unclear.
The electrophoretic analysis of the OR proteins from E. coli ATCC 25922 and the mutants is shown in Fig. 2 . The migration of OmpC and OmpF proteins from ATCC 25922 and the isogenic mutants was similar to that of the reference K-12 strains JF568, JF701, and JF703, with the exception of the OmpA protein which migrated slightly slower. ATCC 25922 showed a faint band in the region corresponding to OmpC; ABR19 and ABR21 showed a faint band in the region corresponding to OmpF, which may be due to a defective LPS core [32, 33] . Interestingly, all five mutants, though not the parent strain, showed an additional band in the region between OmpC and OmpF.
E. coli ATCC 25922 was resistant to PA2 and P1 phages (PE, < 10 -7) and partially resistant to K20 phage (PE, 1.2 x 10-5). The mutants were resistant to all phages tested, although increased susceptibility to K20 was expected since they lack the long O-antigenic chains present in smooth E. coli strains which have been reported to sterically hinder access of phages and colicins to outermembrane protein receptors [34] . Resistance may be due to lack of the complete phage receptor; PA2 phage recognizes the OmpC-LPS complex [28] , while P1 phage binds to glucose 1 --* 3 heptose in the terminal non-reducing end of the LPS core [35] . In the case of K20 phage, resistance of the mutant strains further supports the findings of Silverman and Benson that K20 recognizes the terminal sugar moieties of the LPS core [36] . Resistance of the parent strain, ATCC 25922, to phages PA2 and P1 may be due to inaccessibility by the O-antigen chain [34, 35) , reduced OmpC expression, or absence of appropriately located glucose groups.
The phosphate residue on the distal heptose residue of the LPS core region has been proposed to interact with porins [33] . Significantly, all mutants were resistant to P1 phage, which raises the question whether the glucose residue is substituted or missing. More structural work is clearly needed to elucidate the differences between the core region of E. coli ATCC 25922 and E. coli K12 LPS.
